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E-mail address: iluque@ugr.es (I. Luque).The recognition of proline-rich sequences by protein–protein interaction modules is essential for
many cellular processes. Nonetheless, in spite of the wealth of structural and functional information
collected over the last two decades, polyproline recognition is still not well understood. The patent
inconsistency between the generally accepted description of SH3 interactions, based primarily on
the stacking of hydrophobic surfaces, and their markedly exothermic character is a clear illustration
of the higher complexity of these systems. Here we review the structural and thermodynamic evi-
dence revealing the need for a revision of the current binding paradigm, incomplete and clearly
insufﬁcient for a full understanding of binding afﬁnity and speciﬁcity, to include interfacial water
molecules as universal and relevant elements in polyproline recognition.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V.1. Introduction
The establishment of transient protein–protein interactions is
essential for intracellular signaling. A subset of these interactions
are mediated by modular domains [1,2] that recognize short linear
motifs in their targets [3,4]. Contrary to most protein–protein
interactions, implicating large and featureless surfaces with dis-
continuous binding epitopes, protein interaction modules recog-
nize well deﬁned and continuous sequences that bind to concave
sites in the domain with small interaction surfaces, similar in size
to those of protein enzymes. These properties facilitate the identi-
ﬁcation of relevant physiological targets and the design of small
size inhibitors [5–7].
An important class of protein-interaction domains is consti-
tuted by protein modules recognizing solvent exposed proline-rich
motifs. Amongst all types of short linear motifs, proline-rich se-
quences are the most widely distributed in the different genomes,
from prokaryotes to eukaryotes [8,9], due, to a great extent, to the
speciﬁc properties conferred by the proline amino acid [10–16].
Correspondingly, polyproline-recognition domains (PRD), which
seem to have coevolved with the sequences they recognize [8],
are also the most abundant protein modules in many proteomesal Societies. Published by Elsevier
ry; Kd, dissociation constant;[17,18]. Several families of PRD have been described to date,
including SH3 (Src-homology 3) domains, WW domains (named
after two highly conserved tryptophan residues in the domain),
EVH1 (enabled vasodilator-stimulated-protein homology)
domains, GYF domains (so called due to their characteristic
Gly-Tyr-Phe triad) and UEV (ubiquitin E2 variant) domains, to-
gether with the protein proﬁlin and the recently identiﬁed CAP
(cytoskeleton-associated protein)-Gly domain. A comparative
analysis of the structure, function and ligand recognition proper-
ties of the different PRD families can be found in several reviews
[14,17,19–22]. The different PRD families vary in size (ranging be-
tween the 35 residues of the WW domains and the 150 residues of
the UEV domains), present different folds and recognize speciﬁc
proline-rich ‘‘core motifs’’. In spite of this, they all share a very sim-
ilar mechanism for proline recognition based on the establishment
of hydrophobic interactions between key proline residues in the li-
gand and highly conserved hydrophobic pockets in the domain,
leading to a signiﬁcant level of cross-reactivity within and between
the different PRD families. Nonetheless, because of the central role
that PRD interactions play in the regulation of many cellular pro-
cesses, including cell growth, differentiation, apoptosis, splicing,
endosomal trafﬁcking or transcription [17,21–23], their interac-
tions with their physiological targets must be speciﬁc and well reg-
ulated. This apparent paradox between speciﬁcity and promiscuity
in polyproline-recognition has been the subject of intense debate
[17–19,21,23–27], highlighting the need for a profound under-
standing of the molecular basis for binding afﬁnity and speciﬁcityB.V. Open access under CC BY-NC-ND license. 
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tal for the development of efﬁcient and speciﬁc inhibitors of PRD
interactions as potential therapeutic agents and useful tools for
the investigation of cell physiology [22,28].
2. Function and structure of SH3 domains
Among the different PRD, SH3 domains are, by far, the most
abundant in vertebrates (over 300 SH3 domains have been identi-
ﬁed in the human proteome [18,29]) and the most extensively
studied [19,30]. SH3 domains are small (about 60 amino acids)
non-catalytic protein modules, found in multi-domain signaling
proteins of different functions and architectures that generally
act as anchor sites for the recruitment of substrates or the forma-
tion of supra-molecular complexes. In some cases, these domains
play also an essential role in the regulation of the enzymatic activ-
ity of the proteins that contain them through the establishment of
intramolecular interactions with other elements in the molecule
[31,32]. This is the case of the tyrosine kinases of the Src family, in-
volved in carcinogenesis [33]. In addition to cancer, SH3 domains
are associated to other pathologies such as leukemia, Alzheimer
disease, osteoporosis, inﬂammatory, allergic and asthmatic pro-
cesses as well as viral infections, including AIDS and hepatitis
C [17,19,21,34,35].
Because of their biological relevance, SH3 domains have been
widely studied, both from structural and functional perspectives.
Today, more than 400 structures of SH3 domains are available
including NMR and X-ray structures of free domains, complexes
and full-length proteins. SH3 domains fold into a common ﬁve-
stranded b-barrel structure composed of two orthogonal anti-par-
allel b-sheets (see Fig. 1). The ﬁve b-strands are connected by three
loops: a longer one, the –RT loop, which connects strands b1 and
b2 adopting an irregular anti-parallel structure and two shorter
loops, the n-Src and distal loops, connecting strands b2–b3 and
b3–b4 respectively. Additionally, SH3 domains also contain a short
310 helix segment placed between strands b4 and b5 [20,35].
Many efforts have also been devoted to characterizing the sta-
bility, conformational equilibrium and folding mechanism of these
domains, which have been shown to fold according to a two-state
model in the absence of intermediates, both in equilibrium and ki-
netic studies [36,37]. b-Hairpins in the domains play a very rele-
vant role in the determination of the folding mechanism, withFig. 1. Structure of SH3 domains. Cartoon representation of the SH3 structure of the
c-Yes SH3 domain (Pdb code: 2hda). The ﬁve b strands are shown in yellow, the 310
helix in red and the n-Src, RT and distal loops in green. Conserved aromatic residues
shaping the hydrophobic pockets for proline recognition are shown as sticks.the folding nucleus being constituted by the distal loop and 310 he-
lix regions [38–41]. In spite of the macroscopic simplicity of the
folding process, NMR H/D exchange experiments have made patent
the statistical nature of the native state conformational ensemble
[42,43], which translates into the existence of regions of high
structural stability (the central portions of the beta strands, the
short 310 helix and the conserved part of the –RT loop) and highly
ﬂexible regions, (n-Src loop and the tip of the –RT loop). According
to this, the SH3 binding site has a dual character, containing re-
gions of high and low structural stability, which facilitates the
transmission of long-range cooperative effects throughout the
structure [44–46], of obvious functional relevance for a protein do-
main implicated in signal transduction.
Most SH3 domains characterized to date recognize proline-rich
sequences containing a uPpuP motif (where u and p are fre-
quently hydrophobic and proline residues, respectively) [10,20,
25,35]. SH3 ligands bind in a PPII conformation to a ﬂat and hydro-
phobic surface in the domain consisting of three shallow pockets.
Each of the two uP moieties in the core motif packs tightly into
one hydrophobic pocket, very speciﬁc for the recognition of proline
and N-substituted amino acids [47], and formed by highly con-
served aromatic residues on the surface of the domain (the two
tyrosine residues in the conserved ALYDY motif at the base of
the –RT loop, the ﬁrst tryptophan residue of the WW motif at the
boundary between the b3 strand and the n-Src loop, the proline
residue at strand b4 and the tyrosine residue of the SNY motif at
the 310 helix region). Proline staking into these hydrophobic pock-
ets provides the basis for the general recognition of proline-rich se-
quences. Nonetheless, taking into account the wealth of proline-
rich motifs in the proteomes (it has been estimated that about
25% of human proteins contain proline-rich regions [21]), selectiv-
ity for proline does not assure speciﬁcity between SH3 domains or
other PRD families. In general, binding speciﬁcity seems to be
mostly associated to the establishment of additional interactions
between residues ﬂanking the core motif in the ligand and a third
pocket delimited by variable regions of the RT and n-Src loops
[17,20,48,49]. Sequence and conformational variability within
these loops seem to have been exploited by SH3 domains to mod-
ulate binding afﬁnity and speciﬁcity [25,50–52]. This mechanism
of binding is shared by most PRD families that contain one or
two proline-recognition pockets combined with additional regions
conferring binding speciﬁcity. Whether this ‘‘intrinsic’’ speciﬁcity
determined by the peptide and domain sequences is enough for
the required in vivo selectivity is under discussion. An additional
level of speciﬁcity seems to be conferred by contextual factors,
such as the establishment of tertiary contacts with other elements
in the full-length protein (see [21,23,27] for a review), multido-
main binding [31], dimerization [53,54] or cellular co-localization
of proteins [55,56].
The pseudo-symmetry of the PPII conformation allows SH3 li-
gands to bind in a forward (N-to-C terminal in class I ligands) or re-
verse (C-to-N terminal in class II ligands) orientation with respect
to the binding site [57]. Even though peptide array screening exper-
iments seem to indicate a general preference for class II ligands
[50], the preferred orientation depends on the characteristics of
the SH3 binding site, being frequently determined by (a) the pres-
ence of a basic amino acid, located two residues N-
terminal from the uPpuP motif in class I ligands and two residues
C-terminal from the motif in class II ligands, that interacts with an
acidic residue at the RT loop [57,58] and (b) the conformation of a
conserved Trp side chain at the b3 strand in the domain [59]. In fact,
most SH3 ligands identiﬁed to date correspond to the consensus se-
quences fn-R3p2u1P0x1f2P2-fc and fc-R5f4P3u2p1P0w1-fn for
class I and class II ligands [20,60], respectively. There are other do-
mains, such as Abl–SH3, that interact with ligands containing the
canonical uPpuP motif but lacking positive residues in their se-
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most interestingly, several SH3 domains have been identiﬁed that
recognize atypical sequences in their targets (see [21,23] for re-
views), including discontinuous epitopes [61–63], slight variations
of the canonical motifs (PxxxPR [64], RKxxYxxY, RxxPxxxP [65]), or
even non-PPII peptides containing the RxxKmotif [66,67]. These are
clear examples of how sequence variability within the RT and n-Src
loops, not only allows for a certain level of binding speciﬁcity with-
in canonical ligands, but can also be exploited to evolve new bind-
ing speciﬁcities [17,21,23,26,51].3. Complexity in polyproline recognition by SH3 domains
During the last two decades a wealth of structural and func-
tional information has been collected for the different PRD families,
especially for SH3 andWWdomains, according to their potential as
targets for the development of novel therapeutic agents against a
variety of diseases [22,68,69]. Many efforts have been directed to-
wards the design and identiﬁcation of high-afﬁnity ligands for SH3
domains [35,70,71] using different strategies, including screening
of libraries of synthetic compounds [28,72,73], phage display tech-
niques [26,74], the use of protein scaffolds to stabilize the PPII con-
formation [75] and structure-based rational design strategies
directed to optimize peptide sequences [76,77], introduce non-
peptidic elements in the peptide ligands [78–80] or design small-
molecule inhibitors [81,82]. In most cases the results have been
modest, although the use of combinatorial libraries of peptoids,
with synthetic substitutes of key proline residues [47,83,84] and
the combinatorial modiﬁcation of peptide scaffolds [72,78] have
provided some high-afﬁnity ligands, with dissociation constants
in the nM range. Today, after more than two decades of study,
and in spite of the wealth of structural and functional information
available, the design of high afﬁnity and speciﬁcity inhibitors or
modulators of polyproline recognition by SH3 domains or other
PRD families remains quite a challenging task. This is partly due,
as mentioned before, to the delicate balance between promiscuity
and speciﬁcity characteristic of these interactions and to the low
binding afﬁnity of most SH3 natural ligands, usually ranging be-
tween 1 and 200 lM. These difﬁculties have been exacerbated by
the lack of a profound and detailed understanding of the forces
driving polyproline recognition.
Traditionally, most identiﬁcation and optimization strategies
have been directed towards obtaining improvements in the bind-
ing afﬁnity of the ligands. This has, indeed, been the case in most
of the above-mentioned works on SH3 domains. However, consid-
ering binding afﬁnity, determined by the Gibbs energy of binding
(DG), as the only discriminating parameter in screening procedures
or rational design strategies constitutes a very limited perspective
of the binding process since the Gibbs energy alone does not pro-
vide information about the nature and magnitude of the forces
driving the association. This information is, nonetheless, encoded
in the enthalpic and entropic contributions to the binding Gibbs
energy (DG = DH  TDS), which arise from different types of inter-
actions and, thus, report on the relative weight of the different
intermolecular forces in a particular binding event [85,86]. Consid-
ering that the same binding afﬁnity can arise from many different
combinations of enthalpic (DH) and entropic (DS) contributions,
knowledge of the thermodynamic signature of an interaction (the
proportion in which the binding enthalpy and entropy contribute
to the Gibbs energy) provides a very valuable insight into the
forces governing the binding process [87–89]. Moreover, it is
now well established that incorporating thermodynamic consider-
ations into screening and rational design procedures can contrib-
ute to select the best initial leads and devise the best
optimization strategies for the development of the most appropri-ate ligands in terms of binding afﬁnity, selectivity [90–96] or even
resistance proﬁles [97,98].
In this sense, the case of SH3 domains has been paradigmatic of
how thermodynamic information can contribute to attain a better
understanding of the binding process. According to the high qual-
ity structural information available, the recognition or proline-rich
sequences by SH3 domains has been described as a process based
primarily on the stacking of hydrophobic surfaces in the protein
and ligand, with very few polar interactions. In most complexes,
these are limited to a couple of highly conserved hydrogen bonds
established between the carbonyl oxygens of proline residues in
the ligand and the side chains of two conserved Trp and Tyr resi-
dues located at the b3 strand and the 310 helix, respectively, and,
in some cases, to the conserved salt bridge at the speciﬁcity pocket.
According to this description, the recognition of proline-rich se-
quences by SH3 domains would be expected to present a thermo-
dynamic signature dominated by the hydrophobic effect, with the
main driving force being a favorable entropic contribution associ-
ated to the increment of the conformational degrees of freedom
of the solvating water molecules that are released into the bulk sol-
vent upon formation of the complex. Correspondingly, the binding
enthalpy would be expected to be unfavorable (positive) or, in an
optimal situation, slightly favorable [89,90]. Nonetheless, all ther-
modynamic studies of SH3 interactions collected during the last
two decades revealed that the recognition of proline-rich ligands
by these domains is invariably driven by markedly negative (favor-
able) enthalpic contributions opposed by unfavorable binding
entropies [27,52,67,75,99–108]. This thermodynamic behavior
cannot be rationalized exclusively in terms of direct interactions
between hydrophobic surfaces and, thus, reveals an underlying
complexity in the recognition of proline-rich ligands by SH3 do-
mains, not evident from the interpretation of static three dimen-
sional structures.
Signiﬁcant efforts have been devoted to deciphering this appar-
ent discrepancy between structure and thermodynamics. These
studies have revealed a highly complex scenario to which several
factors of different nature contribute signiﬁcantly. In this sense,
several studies have shown that the redistribution of the confor-
mational ensemble of both, peptide and protein, upon formation
of the complex has a signiﬁcant impact on the binding energetics.
In this way, the calorimetric and structural-thermodynamic analy-
sis of the binding of the Sem-5 SH3 domain to its Sos ligand re-
vealed that the adoption of the PPII conformation by the ligand
upon binding results in unfavorable entropic contributions associ-
ated to the reduction in the conformational degrees of freedom of
the ligand and favorable enthalpic effects, estimated to be on the
range of 10 kJ mol1[99]. Also, the rigidiﬁcation of the RT and
n-Src loops upon ligand binding and the corresponding reorganiza-
tion of the intra- and inter-molecular network of hydrogen bond
interactions have been postulated to contribute in a similar man-
ner [43,52,109]. Along these lines, the NMR characterization of li-
gand binding to the SH3 domain of the Src tyrosine kinase
revealed that the intercalation of the uP moieties from the ligand
in the hydrophobic pockets of the domains results in the disruption
of the intramolecular hydrogen bond network. These alterations
propagate throughout the domain resulting in changes in back-
bone dynamics that have been postulated to contribute signiﬁ-
cantly to the exothermic character of the interaction [102,110].
In addition to these conformational effects, the thermodynamic
and structural analysis of several complexes implicating the SH3
domain from the Abl tyrosine kinase brought to light additional ef-
fects associated to the presence of interfacial water molecules oc-
cluded at the binding site that seem to play a very relevant role in
proline-rich ligand recognition by SH3 domains, highlighting the
need for a revision of the current binding paradigm for these
systems.
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The cellular form of the Abelson leukemia virus, c-Abl, is a
tightly regulated tyrosine kinase implicated in the development
of chronic myelogenous leukemia. C-Abl becomes constitutively
activated upon mutation or deletion of the SH3 domains [111].
Moreover, it has been shown that displacement of the SH3 intra-
molecular interaction with the linker sequence connecting the
SH2 and the kinase domains enhances the inhibitory effect of the
anti-tumor drug Gleevec [112]. Consequently the Abl–SH3 domain
has been targeted for the design of novel ligands of high afﬁnity
and speciﬁcity of potential therapeutic applications [76,77]. Start-
ing from the 3BP1 natural ligand (RAPTMPPPLPP), characterized by
a dissociation constant of 34 lM for Abl–SH3 [113], the group of
Luis Serrano was able to derive new ligands with increased afﬁnity
and speciﬁcity for the Abl–SH3 domain by rational design strate-
gies. By introducing new favorable interactions with the RT loop,
speciﬁc to Abl–SH3, and increasing the tendency of the free pep-
tide to adopt the PPII conformation they arrived to the p40 (APT-
YSPPPPP) and p41 (APSYSPPPPP) sequences characterized by
2 lM binding afﬁnities and a high selectivity for Abl–SH3 against
Fyn–SH3 [76]. The thermodynamic study of the binding energetics
of the p41 ligand and a set of related peptides to the SH3 domain of
Abl revealed these interactions as a particularly striking example
of the inconsistency existing between the canonical description
of SH3 binding and its thermodynamic signature. In fact, the inter-
actions of p41 related peptides with Abl–SH3 are characterized by
extremely negative binding enthalpies (92 kJ mol1 for p41)
[100], which are notably bigger than the values reported for other
SH3 complexes, typically ranging between 20 and 50 kJ mol1.
This is particularly striking considering the fact that the p41 peptide
lacks polar or ionizable groups, present inmost SH3 ligands in these
thermodynamic studies. The large and negative binding enthalpy is
partially compensated by highly unfavorable entropic contribu-
tions, resulting in a binding afﬁnity within the range reported for
other SH3 interactions. This thermodynamic signature cannot be
easily reconciled with the canonical binding mode, especially con-
sidering the highly apolar character of the Abl–SH3/p41 binding
interface (2.8 non-polar/polar ratio for the accessible surface area).
In order to understand the molecular basis of the increment in
binding afﬁnity in the p41 optimization process and validate the
design rationale, a detailed thermodynamic study was carried
out with a set of p41 related peptides differing in unique and spe-
ciﬁc positions in the PPII region [100]. Some of these mutations
implicated solvent exposed residues in the complex [114] not in-
volved in any interactions with the domain, such as Ser5 and
Pro8 in the p41 sequence (see Fig. 2). According to the canonical
binding mode, the replacement of aliphatic residues by proline at
these positions should result in more favorable entropic contribu-
tions due to the restrictions imposed on the conformational
ensemble of the free ligand, favoring the adoption of a PPII confor-
mation in the free state. No signiﬁcant enthalpic effects are to be
expected. This is what has been found in similar situations for
other SH3 complexes [13]. Surprisingly, the analysis of the calori-
metric results revealed a very different scenario, unveiling remark-
able and surprising effects associated to these substitutions.
Indeed, as expected, the introduction of proline residues at these
positions led to an increase in the binding afﬁnity. Nonetheless,
as illustrated in Fig. 2, this increment was not associated to more
favorable entropic contributions, but to a considerable increment
(up to 15 kJ mol1) in the negative binding enthalpy, particularly
striking for residues not directly implicated in any interactions
within the complex. Moreover, these effects were also found to
be context-dependent, revealing some level of cooperativity be-
tween these two solvent exposed positions.Indeed, the thermodynamic behavior observed for the Abl–SH3
complexes is a clear indication of the complexity of these interac-
tions to which additional factors, other than the direct interaction
between the ligand and protein surfaces, must be contributing.
With respect to the conformational effects described above, bind-
ing studies of a p41-containing miniprotein designed to stabilize
the PPII conformation indicate that, in this particular case, the con-
formational reorganization of the ligand does not seem to contrib-
ute signiﬁcantly to magnitude of the different thermodynamic
parameters [75]. Interestingly, as illustrated in Fig. 3, inspection
of the crystal structure of the Abl–SH3/p41 complex [114] revealed
the presence of a set of fully buried interfacial water molecules dis-
tributed in two distinct hydration regions deﬁned by different
water-coordinating amino acids in the SH3 domains: a) waters
1–3 in Fig. 3 that mediate the interactions between residues in
the n-Src loop and the speciﬁcity region of the ligand and b) waters
4 and 5 in Fig. 3 that bridge the interactions between residues
Asn114 and Ser113 in the 310 helix region of the domain and the
PPII region of p41. These residues, which are not in direct contact
with the ligand, deﬁne an extended interaction surface character-
ized by a higher polar character than the canonical binding site,
so that the ratio of apolar to polar surface area drops from 2.8 to
1.7. Interfacial water molecules will serve as adapters that ﬁll
empty spaces and optimize van der Waals interactions, satisfy
the hydrogen bonding potential of the ligand and the binding site
and assist in the dissipation of charges. All these terms might be
expected to contribute favorably to the binding enthalpy
[115,116]. Conversely, ﬁxing a water molecule at the binding inter-
face entails a considerable entropic penalty that counterbalances
these favorable enthalpic effects, so that the impact of buried
water molecules on the Gibbs energy of binding is, often, no more
than modest. These effects are in agreement with the observed
thermodynamic behavior and suggest that interfacial water mole-
cules might be playing a very relevant role in the interaction, con-
tributing signiﬁcantly to the extremely negative binding enthalpy
of the Abl–SH3/p41 complex.
This hypothesis was conﬁrmed by a structural, thermodynamic
and molecular dynamics study of a set of conservative mutants of
the Abl SH3 domain designed to perturb the water-mediated
hydrogen bond network with a minimum impact on the structural
and conformational properties of the domain. This analysis re-
vealed signiﬁcant enthalpic effects associated to the mutation of
residues at position 114, at the base of the 310 helix, that coordi-
nate water molecules at hydration sites 4 and 5 without being
implicated in any direct contacts with the peptide ligand. A very
good correlation was found between these enthalpic effects and
the changes induced in the dynamic properties of water molecules
at site 5. From these results, it was possible to tentatively estimate
the contribution to the binding enthalpy of water molecules at this
hydration site to be around 20 kJ mol1, conﬁrming a very sub-
stantial contribution of interfacial water molecules to the strongly
exothermic character of Abl–SH3 interactions [117] and, probably,
to the unexpected cooperative effects associated to the mutation of
solvent exposed residues in the ligand.
In summary, these results demonstrate that the currently ac-
cepted binding paradigm is incomplete and does not provide an
adequate description of the binding of Abl–SH3 to the family of
p41 peptides, which interact via two different mechanisms: the
stacking of proline side-chains with the hydrophobic grooves in
the binding site and the establishment of a robust and plastic net-
work of water-mediated hydrogen bonds implicating residues in
the periphery of the canonical binding site. This double binding
mechanism is in better agreement with the thermodynamic behav-
ior of the system and has important implications for molecular
modeling and ligand design.
Fig. 2. Thermodynamic effects of mutations at solvent exposed positions in p41-related peptides. Thermodynamic cycle summarizing the effects on the thermodynamic
parameters of binding to the Abl–SH3 domain associated to substitutions at positions 5 (blue) and 8 (red) in the ligands. The values associated with the vertical arrows
correspond to the substitutions at position 5 and those associated with the horizontal arrows to the substitutions at position 8. The inset corresponds to the cartoon and
surface representation of the Abl–SH3/p41 complex. P41 ligand is shown as sticks. Mutations sites 5 and 8 are highlighted by blue and red cycles respectively. (Reproduced
with permission from [100]).
Fig. 3. Water-mediated interactions at the Abl–SH3/p41 binding interface. The
structure of the Abl–SH3 domain is shown in a gray cartoon representation.
Residues deﬁning the canonical binding site for polyproline recognition are shown
as gray sticks. The structure of the p41 peptide is shown as cyan sticks. Fully buried
water molecules at the binding interface are shown as green spheres. Peripheral
water-coordinating residues in the 310 and n-Src regions are shown as purple and
dark pink sticks respectively. Water-mediated hydrogen bonds are depicted as
green lines. (Reproduced with permission from [86].)
A. Zafra-Ruano, I. Luque / FEBS Letters 586 (2012) 2619–2630 26235. Revision of the general binding paradigm for SH3 domains
Taking into account that all SH3 complexes studied to date
share the same thermodynamic proﬁle, the question arises about
the relevance of the Abl–SH3 dual binding mechanism for other
SH3 domains. In Abl–SH3, the presence of most water molecules
at the binding site is contingent upon ligand binding, being absent
in the structures of free domains, with the exception of water mol-
ecules at hydration site 4, at the base of the 310 helix, which is
occupied in all Abl–SH3 structures independently of their ligation
state. Also, the properties of these water molecules, fully buried
and characterized by very high residence times and low B factors,are not affected by the binding of the ligand. This indicates that
water molecules at this site are structural waters that should be
considered as an integral part of the Abl–SH3 domain. Interest-
ingly, these water molecules are coordinated by the backbone
atoms of highly stable and well conserved residues (see Fig. 3),
suggesting that equivalent water molecules would probably be
found in many other SH3 domains.
Analysis of the SH3 structural database, including close to 100
high resolution crystal structures of SH3 domains from different
proteins including free domains, inter- and intra-molecular com-
plexes with natural ligands, rationally designed and phage-display
peptides as well as full-length target proteins, reveals that this is
indeed the case [118]. As expected from the sequence conservation
of the 310 helix region, water molecules at positions equivalent to
hydration site 4 in Abl–SH3 were found in 77% of all SH3 struc-
tures, including complexes and free domains, with properties (sol-
vent accessibility, B factors, and coordination patterns) very
similar, in all cases, to that described for Abl–SH3 (see Fig. 4A, B).
From these observations, it is clear that the water molecule at
the base of the 310 helix is an invariant element in most SH3 do-
mains and seems to be an integral part of the domain structure,
independently of its ligation state. In fact, in the analyzed database,
the absence of this hydration site was generally associated to
anomalous sequences and conformations of SH3 domains and li-
gands. Consequently, this structural water molecule should be in-
cluded in binding site descriptions for docking or rational design.
A second structural water molecule, located at the n-Src loop,
was found in about 60% (59% in free domains and 55% in com-
plexes) of all SH3 structures (see Fig. 4C, D). These waters mole-
cules, which are also fully buried and tightly bound, are
implicated in the establishment of an average of 4 hydrogen bonds
with residues within the loop, stabilizing its conformation. In fact,
the presence of these waters has been found to be highly depen-
dent on the length of the loop, being observed in 85% of the struc-
tures of n-Src loops between 5 and 8 residues and absent in
structures with shorter or longer loops [118]. Even though, in most
cases, these water molecules are not directly implicated in ligand
recognition, they may play an important indirect role by regulating
the dynamic and conformational properties of the n-Src loop, of
relevance for binding speciﬁcity [25,27,52].
Globally, at least one structural water molecule was found in
93% of all free SH3 structures studied. In addition to these
Fig. 4. Structural water molecules in SH3 domain structures. Cartoon representation of the SH3 domain structures colored in a rainbow scheme. Side chains of residues
constituting the 310 helix hydration site are represented as sticks. Water molecules are depicted as purple non-bonded spheres (A) 310 helix structural waters in free SH3
domains, (B) 310 helix structural waters in SH3 complexes, (C) n-Src loop structural waters in free SH3 domains and (D) n-Src loop structural waters in SH3 complexes.
(Reproduced with permission from [118].)
2624 A. Zafra-Ruano, I. Luque / FEBS Letters 586 (2012) 2619–2630structural waters, other interfacial water molecules were consis-
tently found in most SH3 complex structures, originating highly
variable hydration patterns. As illustrated in Fig. 5, interfacial
water molecules were found in all analyzed complex structures
distributed throughout the binding interface, mediating the inter-
actions between the ligand and the SH3 domain. As described forFig. 5. Cartoon representation of the superposed structures of the SH3 complexes. SH3 d
ligands are represented in light pink. Buried interfacial water molecules are shown as pAbl–SH3, water-mediated interactions frequently implicate resi-
dues in the periphery of the canonical binding site, different from
those deﬁning the hydrophobic pockets for proline recognition.
This observation underlines the importance of considering interfa-
cial water molecules for a correct deﬁnition of the complete SH3
binding interface.omains are colored in a rainbow scheme (blue: N-terminus; red: C-terminus) while
urple non-bonded spheres. (Reproduced with permission from [118].)
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SH3, was occupied in approximately one third of the complex
structures. This water molecule, which in the Abl–SH3/p41 com-
plex was found to interact mostly with the ligand through interac-
tions established with the carbonyl oxygens of P6 and p7 in the
peptide, is implicated in an average of 3 hydrogen bonds with
atoms in the protein and ligand and with the structural water mol-
ecules at the base of the 310 helix. In this case, a higher variability
exists in the location and interaction pattern of this water molecule
that seems to be dependent mostly on the length of the side chains
at position 114 in the domain and the nature of the central amino
acids in the uPpuP core motif of the ligand. These factors deter-
mine whether the hydrogen bonding potential of carboxyl atoms
in the peptide is satisﬁed by the establishment of direct hydrogen
bonds with the side chains at position 114 in the domain or
through water-mediated interactions [118]. These patterns pro-
vide a rationalization for the puzzling thermodynamic results asso-
ciated to mutations at solvent-exposed positions in the p41 ligand
[100].
In addition to the conserved hydration sites at the polyproline-
recognition region, interfacial water molecules were very fre-
quently observed mediating the interactions between the RT and
n-Src loops and the speciﬁcity region of the ligand, giving rise to
highly variable hydration patterns, very dependent on the
sequence of ligands and loops. In general, waters at the RT loop
region were frequently found mediating the interactions between
charged residues in the peptide and the protein. This explains
why no water molecules in the vicinity of the RT loop were ob-
served in the Abl–SH3 complexes. In spite of the high variability
in this region, no signiﬁcant differences in hydration patterns were
found associated to ligand orientation. Conserved water molecules
in the polyproline recognition region were equally found for class I
and class II ligands and a similar variability in water conﬁgurations
was observed for both classes at the speciﬁcity region.
In summary, the analysis of the SH3 structural database clearly
shows that the presence of interfacial water molecules is a univer-
sal factor in SH3 interactions and, consequently, the dual binding
mechanism described for Abl–SH3, far from being an exception,
is a general feature of these domains. This new description of
SH3 binding is in better agreement with the thermodynamic prop-
erties of these systems. In this context, it becomes apparent that
ignoring the role of interfacial water molecules in polyproline rec-
ognition by SH3 domains would preclude a full and deep under-
standing of the molecular basis of binding afﬁnity and speciﬁcity.
Consequently, the current description of SH3 complexes needs to
be replaced by a new binding paradigm that incorporates interfa-
cial waters as relevant elements in the mechanism of polyproline
recognition by these domains.6. Implications for target identiﬁcation and rational design
This dual binding paradigm opens new perspectives for rational
design and target identiﬁcation for SH3 domains, since, as it has
been demonstrated in numerous studies, the efﬁciency of docking
[119–126] or rational design [127–130] procedures can be signiﬁ-
cantly enhanced if detailed information about of the role and
weight of each water molecule at the binding interface is incorpo-
rated into binding site descriptions (see [130,131] for detailed re-
views). In this context, important questions arise that would
need to be answered in order to take full advantage of the second
level of interactions provided by the water-mediated hydrogen
bonds in SH3 domains. Is the impact of all interfacial water mole-
cules on the thermodynamic signature of the binding process
equally relevant for all SH3 complexes? What is the actual weight
of these interfacial waters on binding afﬁnity? Do they have a realimpact on SH3 binding speciﬁcity? Could new rational design
strategies be devised to improve binding afﬁnity or speciﬁcity by
engineering new interactions with interfacial waters of by their
displacement from the binding interface? Should the hydration
proﬁle of a particular domain be considered for docking and ligand
identiﬁcation protocols? To answer these questions a profound
understanding of the properties and role of each speciﬁc water
molecule would be required.
With respect to the binding energetics, it is well established
that the presence of interfacial water molecules will alter the ther-
modynamic signature of the binding process, resulting in entropic
penalties arising from the reduction in the conﬁgurational degrees
of freedom of the occluded water molecules, enthalpic beneﬁts
associated to the establishment of water-mediated hydrogen
bonds and more negative binding heat capacities [132–136]. None-
theless, to date, estimating the actual contribution of a particular
water molecule to the different thermodynamic parameters re-
mains a considerable challenge. In general, the contribution of each
water molecule would be expected to vary according to its degree
of immobilization and the number and quality of its interactions.
In this sense, theoretical studies applying the theory of inhomoge-
nous ﬂuids predict the entropic cost for water immobilization to
range between 0 and 41 kJ mol1[137,138]. Also, according to
these studies, the presence of interfacial water molecules always
results in an enthalpic beneﬁt that, in some cases is modest
(8 kJ mol1 for a water molecule in the cyclophilin-cyclosporin
A complex [139]), while in others can be very relevant
(63 kJ mol1 for a conserved interfacial water in HIV-1 protease
complexes [140]). These theoretical predictions are in good agree-
ment with experimental observations that show a wide spectrum
of entropic and enthalpic effects depending on the speciﬁc charac-
teristics of the system. Experimentally, it is observed that the dis-
placement of water molecules from the binding interface, either by
modiﬁcation of the ligand or mutation of the protein, is associated
to variable entropic beneﬁts combined with enthalpic penalties
that range between 9.5 kJ mol1 [141] and 30 kJ mol1 [142]. It is
interesting to point out that the 20 kJ mol1 estimated to be con-
tributed by the waters at site 5 to the binding enthalpy of p41/Abl–
SH3 [117] falls well within this range.
In spite of the considerable magnitude of the entropic and
enthalpic effects, the net impact of interfacial water molecules on
the binding afﬁnity is not as signiﬁcant and can be, also, very var-
iable. In this sense, studies carried out with different systems (i.e.
HIV-1 protease [143], scytalone dehydratase [144], OppA peptide
binding protein [145], FK506 binding protein [146], ConA [147],
major urinary protein MUP-1 [142]) reveal that water displace-
ment is sometimes energetically favorable, resulting in improved
binding afﬁnities, and sometimes unfavorable. Moreover, in some
cases, strong enthalpy/entropy compensation dampens all effects,
resulting in very modest or even negligible changes on the binding
afﬁnity. This variability indicates that, in order to efﬁciently incor-
porate water-mediated interactions rational design, a good under-
standing of the properties of the different interfacial waters and
the quality of the interactions they mediate is required. This would
allow us to adequately select which water molecules should be tar-
geted for displacement and which could be considered as good an-
chor sites for the engineering of new, energetically favorable,
interactions.
Within the last years, several methods have been developed to
easily classify interfacial waters, such as Consolv [148], Waterscore
[149], HINT/RANK [150,151] or GRID [152], which are generally
based on geometrical studies of molecular surfaces, number of
hydrogen bonds, crystallographic B factors and proximity to polar
residues. These type of analysis indicate that the contribution to
the binding Gibbs energy of each water molecule would strongly
depend on its environment, so that tightly bound water molecules
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least three hydrogen bonds with the protein and the ligand [153].
Nonetheless, the predictive capacity of these methodologies is still
quite limited. Alternative, more exhaustive and time-consuming
approaches, including free energy calculations such as the double
decoupling method [154,155], or molecular dynamics simulations
can provide a more reliable description of the role of interfacial
waters in a particular system. In this sense, the detailed structural,
thermodynamic and molecular dynamic analysis carried out with
Abl–SH3 complexes provided a very detailed description of the dif-
ferent hydration sites, showing that not all sites at the SH3 interface
are equivalent. This is further sustained by the analysis of the SH3
structural database that conﬁrms the existence of three types of
water molecules in these systems with distinct properties (accessi-
bility, B factors and number of interactions): (a) tightly bound
structural water molecules, conserved in most SH3 structures and
present in free domains as integral part of their structure. These
water molecules do not interact signiﬁcantly with the ligand; (b)
conserved water molecules in the polyproline region mediating
the interactions with the ligand and characterized by high resi-
dence times, such as waters at site 5 in Abl–SH3, whichwere shown
to interact mostly with the peptide ligands [117] and (c) waters at
the speciﬁcity region, more mobile and exposed. Which of these
water molecules should be targeted for rational design?
In general, two different scenarios can be considered to include
interfacial waters in rational design (a) modiﬁcation of the ligand
to optimize its interactions with interfacial water molecules, aimed
at increasing binding afﬁnity by improving the binding enthalpy or
(b) introduction of newmoieties in the ligand that displace binding
site waters present in the free protein or in related complexes, tak-
ing advantage of the entropic beneﬁt of releasing a trapped water
molecule. In any case, in order to overcome enthalpy/entropy com-
pensation effects and obtain a net improvement on the binding
afﬁnity, it is important to select carefully the targeted waters. In
the ﬁrst case, a signiﬁcant improvement on binding afﬁnity would
only be achieved if the newly engineered interactions can over-
come any entropic penalty associated to the additional restrictions
on the conﬁgurational degrees of freedom imposed on the water
molecule as well as in the ligand and the protein. These enthal-
py/entropy compensation effects can be minimized if the new
interactions are directed against highly structured and stable ele-
ments in the binding site [88]. In this sense, the structural water
molecules at the base of the 310 helix, tightly coordinated by back-
bone atoms of the most structurally stable residues in the domain
[42,45] constitute a good anchor site against which to design new
interactions, i.e. hydrogen bonds, with reduced associated enthal-
py–entropy compensation effects, and, thus, with good chances
of leading to signiﬁcant improvements in binding afﬁnity. On the
contrary, in the second scenario, it is important to select which
water molecules can be easily displaced from the binding interface.
In this sense, water molecules at the polyproline regions (waters at
sites equivalent to position 5 in Abl–SH3) seem to be interacting
predominantly with the ligand with higher conformational ﬂexibil-
ity. In this sense, the introduction of new moieties in the ligand to
displace these waters from the binding site and establish interac-
tions with the structural water at the 310 helix could be energeti-
cally favorable and lead to improvements on binding afﬁnity. In
any case, the new moieties in the ligand should be carefully design
to establish highly optimized hydrogen bonds in order to compen-
sate for the loss of water-mediated interactions.
In addition to modulate binding afﬁnity, water molecules in
biomolecular interfaces can also play a very relevant role in bind-
ing speciﬁcity. Because of their small size and their ability to estab-
lish multiple hydrogen bonds as donors or acceptors, interfacial
waters are very versatile elements in protein recognition. In some
systems they contribute to narrow binding speciﬁcity, as happenswith the recognition of phosphotyrosine peptides by SH2 domains,
where water-mediated hydrogen bonds are essential to maintain
the speciﬁcity for a glutamic side chain two positions C-terminal
from the phosphotyrosine residue in the ligands [156]. Nonethe-
less, in other systems, interfacial waters confer great adaptability
to molecular surfaces allowing a considerable degree of promiscu-
ity in the interactions. The OppA peptide binding protein is a par-
adigmatic example of this situation. This protein can recognize
oligopeptidic chains between 2 and 5 amino acids independently
of their sequence by combining two levels of interactions: direct,
conserved, interactions between the protein and the backbone of
the peptide ligand and the insertion of the peptide side chains into
hydrophobic pockets that modify their water content depending
on the speciﬁc sequence of the ligand. In this way, water molecules
modulate protein binding speciﬁcity by occupying in each case
only a few positions from a set of well-deﬁned, highly conserved
and favorable hydration sites at the surface of the protein
[135,157]. This situation is very similar to that observed for SH3
domains. The high variability of hydration patterns found in the
speciﬁcity region of SH3 complexes appears to indicate that inter-
facial water molecules might be acting as adaptors to facilitate the
recognition of diverse sequences, contributing to the versatility
and promiscuity of these domains. Consequently, interfacial waters
seem to be also of great relevance to fully understand binding
speciﬁcity and optimize target identiﬁcation in SH3 domains.7. Polyproline recognition by other domain families
Even though the structural information available is much more
limited for the other families of polyproline recognition domains,
water mediated interactions were also systematically found in all
high resolution crystal structures available for these systems (13
structures of WW domains from different speciﬁcity classes, 6
structures of UEV domains and 10 structures of EVH-1 domains,
including free domains and complexes) [118]. As illustrated in
Fig. 6 for WW and UEV domains, the situation is very similar to
that described for SH3 domains, with some hydration sites corre-
sponding to structural water molecules present and conserved in
free domains and complexes and others being only occupied upon
binding of the ligand. In all cases, as in SH3 domains, these water-
mediated interactions result in extended binding interfaces with
higher polar character. This is in agreement with the fact that, to
our knowledge, all thermodynamic studies reported for polypro-
line recognition by PRD reveal a common thermodynamic signa-
ture, dominated by favorable enthalpic interactions. It is
interesting to point out that this exothermic character is inherent
of proline-rich motifs, as illustrated by the fact that the binding
of short peptides corresponding to the PPPY core motif for type 1
WW domains is characterized by a binding enthalpy similar to that
found for longer peptides containing charged or polar residues in
their sequences [158]. In any case, to this moment, the structural
information for these systems is insufﬁcient to derive any speciﬁc
patterns. Obviously, the actual relevance of this mechanism for all
PRD families will need to be conﬁrmed as the structural and ther-
modynamic databases increase.
In conclusion, the current evidence indicate that the dual bind-
ing mechanism, combining hydrophobic interactions with the
establishment of strong networks of water-mediated hydrogen
bonds, is probably general, not only to SH3 domains, but also to
most families of polyproline recognition modules. This seems to
indicate that the tendency of proline-rich sequences to be highly
hydrated, illustrated by the solid and extensive hydration structure
of the collage triple helices [159,160], has been exploited by nature
to favor the adaptability and plasticity of the different families of
protein modules for the recognition of proline-rich targets. In this
Fig. 6. Water-mediated interaction patterns in WW and UEV domains. WW and UEV domains are shown in white, ligands are depicted as marine blue sticks and relevant
protein residues are represented as cyan sticks. Interfacial waters are shown as non-bonded spheres (waters in complex structures are colored in blue tones, while waters in
free structures are colored in red, orange, yellow and purple). Hydrogen bonds are depicted as discontinuous lines following the same color scheme. (a) Class IV Pin1–WW
domain, free (1PIN, 2Q5A, 2F21, 2ITK, 1ZCN) and in complex with a phosphoserine peptide. (b) Class I dystrophin–WW domain free (1EG3) and in complex with a b-
dystroglican peptide (1EG4). (c) Class II FE65–WWdomain free (2IDH) and in complex with proline-rich peptide fromMena (2OEI). (d) Tsg101–UEV domain free (3OBS, 2FOR)
and in complex with proline-rich viral late domain sequences (3OBQ, 3OBU, 3OBX). Hydrogen bond patterns common to most structures (including the free domains) are
shown as discontinuous marine blue lines while interactions speciﬁc to particular structures are shown in their respective colors. (Reproduced with permission from [118].)
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provide important clues for deciphering the speciﬁcity versus pro-
miscuity paradox in polyproline recognition.
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